Abstract Voxel-based morphometry (VBM) studies of Parkinson's disease (PD), have yielded mixed results, possibly due to several studies not accounting for common nuisance variables (age, sex, and total intracranial volume [TICV]). TICV is particularly important because there is evidence for larger TICV in PD. We explored the influence of these covariates on VBM by 1) comparing PD patients and controls before adding covariates, after adding age and sex, and after adding age, sex and TICV, and 2) by comparing controls split into large and small TICV before and after controlling for TICV, with age and sex accounted for in both analyses. Experiment 1 consisted of 40 PD participants and 40 controls. Experiment 2 consisted of 88 controls median split by TICV. All participants completed an MRI on a 3 T scanner. TICV was calculated as gray + white + CSF from Freesurfer. VBM was performed on T1 images using an optimized VBM protocol. Volume differences were assessed using a voxel-wise GLM analysis. Clusters were considered significant at >10 voxels and p < .05 corrected for familywise error. Before controlling for covariates, PD showed reduced GM in temporal, occipital, and cerebellar regions. Controlling for age and sex did not affect the pattern of significance. Controlling for TICV reduced the size of the significant region although it still contained portions of bilateral temporal lobes, occipital lobes and cerebellum. The large TICV group showed reduced volume in temporal, parietal, and cerebellar areas. None of these differences survived controlling for TICV. This demonstrates that TICV influences VBM results independently from other factors. Controlling for TICV in VBM studies is recommended.
Introduction
Structural MRI is a powerful tool for assessing brain volume differences, particularly in the context of neurodegenerative disease such as Parkinson's disease (PD). It offers insight into neuroanatomical differences in PD and informs how different presentations of PD (for example, PD with and without dementia) may differ in terms of whole brain or regional volumes. There are several methods for determining structural or volumetric brain differences. One popular method is voxelbased morphomety (VBM), commonly used because it does not rely on pre-determined brain structures.
VBM has been employed in several studies of PD with mixed results ranging from widespread volumetric declines in PD to no differences between individuals with PD and demographically matched peers (Table 1) . Several researchers have reported regional volumetric decreases in temporal, parietal, and occipital areas in idiopathic PD relative to peers. In
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Electronic supplementary material The online version of this article (doi:10.1007/s11682-016-9656-9) contains supplementary material, which is available to authorized users. Table 1 Previous studies investigating brain differences in idiopathic PD using VBM. Studies were considered as accounting for TICV if TICVor total brain volume was used as a covariate or if regional Lee et al. (2013) found smaller volumes in PD participants in the frontal lobes and parieto-occipital regions. Xia et al. (2013) also compared non-demented early PD patients to controls and reported decreased volume in the bilateral temporal lobes, bilateral occipital lobes, bilateral parietal lobes, bilateral amygdalae, right uncus, and right posterior lobe of the cerebellum. However, the authors noted poorer general cognition in the PD group in their sample, which may indicate brain differences independent of PD. Beyer et al. (2007) examined PD patients with dementia (PDD) and PD patients without dementia (PDND) and reported PDND patients had reduced gray matter volume compared to controls in the left frontal and bilateral temporal lobes after controlling for age, gender, and duration of the disease. Summerfield et al. (2005) also investigated PDD and PDND patients with similar disease duration and symptom severity to Beyer et al.'s participants and found reduced gray matter volume in the right hippocampus, left anterior cingulate, and left superior temporal gyrus in PDND compared to controls. These findings suggest gray matter reductions occur in early PD with relatively mild symptoms. However, other investigators report little to no volumetric change in idiopathic PD. Burton et al. (2004) compared individuals with PDND, PDD, Alzheimer's disease, and dementia with Lewy bodies to controls. They reported PD patients showed reduced volumes only in the right frontal lobe. Dalaker et al. (2010) investigated PD patients with mild cognitive impairment, comparing brain volume as well as assessing the association between brain volume and cognitive ability in memory, visuospatial, and attentional/executive tasks. They reported no volumetric differences between non-demented PD patients and controls. Agosta et al. (2013) compared mild, moderate, and severe PD patients categorized by Hoehn & Yahr stage to control individuals; they found no volumetric differences between mild and moderate PD patients and controls, despite these groups having similar disease severity and duration to the previously mentioned studies. Planetta et al. (2015) investigated functional and volumetric differences between PD patients, individuals with multiple system atrophy and controls and found no volumetric differences between PD patients and controls.
A close review of these contrasting findings reveals that these differences may have arisen from a lack of consistency in the methods of comparison for the different studies. Investigators have demonstrated that VBM results can be highly influenced by several factors, including type of statistical correction used, smoothing kernel size, and software version Shen and Sterr 2013) . Additionally, Barnes et al. (2010) found that results from VBM analyses are significantly influenced by gender, age, and head size. A lack of a significant difference in these covariates between groups is frequently assumed to imply that these factors will not influence results, but Henley et al. (2010) demonstrate this is a faulty assumption.
Whether or not covariates are accounted for is relevant for Parkinson's disease research; of the studies cited above, those that controlled for the three covariates suggested by Henley et al. 2010 (age, sex, and head size) showed little to no difference between groups (Burton et al. 2004; Agosta et al. 2013; Planetta et al. 2015) , whereas those that do not control for these variables show widespread differences (Summerfield et al. 2005; Lin et al. 2013; Lee et al. 2013 ). This pattern of findings suggests that differences in reported patterns of gray matter atrophy in non-demented PD may be largely attributable to variability in age, sex, and head size.
The most consistent method of controlling for head size in these studies is total intracranial volume (TICV), defined as the volume within the cranium including gray matter, white matter, meninges, and cerebrospinal fluid. Controlling for TICV is a common practice in studies comparing whole brain regions as it reduces inter-individual variations in brain volume due to head size difference (Whitwell et al. 2001) . In VBM analyses, controlling for TICV is widespread, but not universal.
Controlling for TICV may be particularly important in studies of PD. Several studies (Krabbe et al. 2005; Gallagher et al. 2013; Tanner et al. 2015) , have reported larger TICV in PD patients compared to controls. Furthermore, several genetic studies have suggested that genetic variation at 17q21 is associated with infant head circumference (Taal et al. 2012) , intracranial volume (Ikram et al. 2012) , and PD (SimonSanchez et al. 2009 ).
The present study aims to assess the issue of covariates in VBM analyses through two separate comparisons. First, VBM will assess voxelwise differences in brain volume between a sample of PD patients and matched controls before and after controlling for age, sex, and TICV. We hypothesize this analysis will show diffuse volumetric differences between non-demented PD and non-PD peers before controlling for covariates, but these differences will not survive controlling for covariates. Second, we will examine whether this pattern persists in a population composed purely of controls, mediansplit by TICV. We hypothesize this analysis will produce results similar to those comparing PD patients and controls before controlling for age, sex, and TICV.
Methods Participants
This retrospective analysis utilizes a federally funded dataset for investigating neuroanatomical and cognitive profiles in idiopathic PD relative to non-PD matched peers. The study was IRB approved for human participant investigation, required consent, and followed the protocol of the Declaration of Helsinki. Recruitment for individuals with PD involved a combination of: 1) brochure mailings to individuals identified through a research database within the UF Center for Neurorestoration and Movement Disorders (UF CNMDC), 2) UF CNMDC direct neurology referrals, 3) advertisement at different PD support symposiums. Control participants were recruited through community fliers, free community memory screenings, and mailouts to targeted individuals in local counties who met demographic inclusion criteria. All individuals were screened via telephone or in person and completed baseline cognitive testing to ensure they met cognitive screening criteria.
All participants were required to be right-handed, speak fluent English, and show no signs of dementia ( [Folstein et al. 1975] ). Individuals with PD were diagnosed by a movement disorder fellowship trained neurologist, met criteria outlined by the UK Parkinson's Disease Society Brain Bank Clinical Diagnostic Criteria (Hughes et al. 1992) and had a Hoehn and Yahr (1998) scale ranging from 1 to 3. Medical exclusions included cancer (other than non-melanoma skin cancer) requiring treatment in past 5 years, serious infectious diseases (e.g., self-reported HIV), myocardial infarction or cerebrovascular accident in the last six months, congestive heart failure, chronic hepatitis, history of organ transplantation, seizure disorders and head trauma resulting in intensive care, and any other medical condition likely to limit lifespan. Additional exclusion criteria included existence of a deep brain stimulator, secondary or atypical Parkinsonism as a result of 1) history of major stroke(s) associated with cognitive sequelae, 2) exposure to toxins or neuroleptics, 3) history of encephalitis, 4) neurological signs of upper motor neuron disease, cerebellar involvement, supranuclear palsy, or significant orthostatic hypertension, signs of a dementia as indicated by the neurological/ neuropsychological assessment (DSM-IV criteria and DRS corrected scale score < 8), major psychiatric disorder as assessed by the psychiatric and neurological team with the Structured Clinical Interview for DSM-IV, and a history of Major Depressive Disorder. We did not exclude patients reporting mild depression or anxiety because many PD patients report such symptoms. Other exclusions include less than five years of normal education, inability to read or write, self-reported hearing difficulty that interferes with standardized test administration, claustrophobia, non-medical bodily metal, and a pace-maker device.
MRI metrics
Neuroimaging data were prospectively acquired with a Siemens 3 T Verio scanner using an 8-channel head coil. For gray and white matter analyses we acquired 2 T1-weighted scans (176 contiguous sagittal slices, 1mm 3 voxels, 256 × 256 matrix, TR/TE = 2500/3.77 ms, 7/8 Partial Fourier, acquisition time 9:22). The first of the two T1 scans was analyzed for this analysis. For skull segmentation, T2-weighted images were acquired (176 contiguous sagittal slices, 1mm 3 voxels, 256 × 256 matrix, TR/ TE = 3200/ 409 ms, GRAPPA, acquisition time 4:43). Images were visually examined for excessive motion, and images showing more than a moderate degree of motion were excluded from the analyses.
For all participants in the first analysis (PD vs control), TICV was measured by exporting the inner surface of the skull from FSL version 4.1 Brain Extraction Tool (BET; Smith 2002) . These initial intracranial masks were then manually edited by expert raters to fill the enclosure within the inner surface of the skull. The inferior portion of the mask terminated on a line between the bottom of the occipital bone and the clivus. Reliability was high (intra-rater and inter-rater reliability DSC > 0.99). The final variable of interest was TICV in mm 3 . For participants added for the large vs small TICVanalysis, TICV was measured using an automated method from Freesurfer (Fischl et al. 2002) , which combines all voxels labeled as white matter, gray matter, and CSF to create a volume that represents TICV.
AVBM analysis was performed on T1 structural images to investigate voxel-wise grey matter changes between PD patients and control participants. Structural data was analyzed with FSL-VBM (Douaud et al. 2007) , an optimized VBM protocol (Good et al. 2001 ) carried out with FSL tools (Smith et al. 2004) . First, structural images were brainextracted and grey matter-segmented before being registered to the MNI 152 standard space using non-linear registration (Andersson et al. 2007 ). The resulting images were averaged and flipped along the x-axis to create a left-right symmetric, study-specific grey matter template. Second, all native grey matter images were non-linearly registered to this studyspecific template and Bmodulated^to correct for local expansion (or contraction) due to the non-linear component of the spatial transformation. The modulated grey matter images were then smoothed with an isotropic Gaussian kernel with a sigma of 3 mm.
Statistical analysis approaches
Statistical calculations were performed using a commercially available software package (SPSS, version 22; SPSS, Inc). Variables were confirmed for normality and statistical assumptions prior to all analyses. Parametric analyses were used to complete demographic analyses. Due to violations of normality, Mann-Whitney U tests were used to compare UPDRS scores. Effect sizes are based on Cohen's guidelines (small: r = .01-.23; medium: r = .24-.36; large: r = .37 or larger).
For VBM analyses, a voxel-wise general linear model (GLM) analysis was applied on the smoothed images using permutation-based nonparametric testing with multiple comparison correction across space. A cluster was considered significant if it contained at least 10 consecutive voxels with p < .05, corrected for familywise error. This small cluster size was selected in order to detect any reasonable clusters of significant volume differences.
Results
Of 186 people phone screened, 43 individuals with PD and 41 non-PD peers met criteria. Four enrolled participants could not complete MRI (i.e., claustrophobia, metal artifact). Our final sample consisted of 40 PD patients and 40 controls. For the large vs small TICV analysis, additional controls were added from a separate, federally funded study with identical exclusion criteria to the initial study for a total of 88 participants.
Participant demographic characteristics
Details of participant characteristics for the PD vs controls comparison are found in Table 2 . PD and controls were statistically similar in demographics, comorbidity, premorbid intellect, and general cognition estimates. All participants were independent in instrumental activities of daily living (i.e., telephone, financial management), and all but one PD individual independently managed their medications. In the PD group, the sample was largely unilateral tremor dominant (70 % Hoehn & Yahr stage ≤ 1.5).
Details for participant characteristics for the large vs small TICV comparison are found in Table 3 . Large and small TICV participants were not statistically different in age, education, and general cognition as measured with the Montral Cognitive Assessment (MOCA) (Nasreddine et al. 2005 ). There were significantly more males in the large TICV group than small TICV group (p < .001).
PD vs. controls with no covariates
The results of the between-group VBM analysis comparing PD participants and controls before adding covariates are shown in Fig. 1a . Compared to controls, PD participants had reduced GM volumes in a large cluster of voxels with peaks in the left and right temporal poles (BA 40 and 20/21, respectively), inferior temporal gyrus (BA 20), left parahippocampus (BA 30), left and right middle occipital lobe (BA 18), right superior occipital lobe (BA 19), bilateral calcarine (BA 17), and bilateral cerebellum (Table 4) . These analyses were re-run without two individuals with longer years of disease duration as well as a control individual with higher rate of depression. The findings remained unchanged.
Age and sex corrected PD vs. controls The results comparing the same sample after controlling for age, sex and TICV are shown in Fig. 1c . Individuals with PD showed smaller volumes than controls in the cerebellum (Table 6 ).
Large TICV vs small TICV controls with no covariates
The results of the between-group VBM analysis comparing controls with large TICV and controls of small TICV are shown in Supplementary Fig. 1 Table 1) .
Age, sex, and TICV corrected large TICV vs small TICV controls
The results of the same analysis after controlling for age and sex are shown in Fig. 2 . Compared to small TICV, the large TICV group showed differences in a large cluster consisting of regions of bilateral cerebellum, bilateral hippocampus (BA 20), left parahippocampus (BA 30), and right fusiform (BA 37) as well as a small cluster in bilateral thalamus (Table 7) . No volumetric differences survived after controlling for TICV.
Post-hoc analysis on lobe volume and TICV associations
In order to determine if TICV had differential relationships with different brain regions, we conducted a post-hoc analysis examining correlations between the volumes of the four major lobes (frontal, parietal, temporal and occipital) and the cerebellum relative to TICV within the control participant sample from aim 2. These five regions were chosen because the frontal and parietal lobes showed little to no differences in our analysis while the occipital lobes showed moderate differences, and the temporal lobes and cerebellum showed widespread differences before accounting for TICV. significantly weaker than the parietal lobe correlation (p = 0.042). The cerebellum was not significantly weaker than the frontal or parietal correlations but showed a trend towards being significantly weaker than the frontal lobe correlation (p = 0.056). Within group correlations are shown in Table 8 . TICV relationships with frontal and parietal volume were significantly higher in the large TICV group (r(88) = 0.664 and r(88) = 0.675, respectively) than in the small TICV group (r(88) =0.324 and r(88) = 0.321, respectively). The correlation between TICV and temporal lobe, occipital lobe, and cerebellar volume w similar between the large and small TICV groups (r(88) = 0.397 and r(88) = 0.394 for temporal lobe, respectively; r(88) = 0.336 and r(88) = 0.404 for the occipital lobe and cerebellum, respectively; r(88) = 0.441 and r(88) = .383, respectively).
Discussion
We conducted two separate investigations that examined the influence of correction for several common covariates on volumetric group-based comparisons. Our first experiment showed that without correction for the covariates, particularly before correcting for TICV, individuals with PD showed numerous volumetric differences relative to non-PD peers. These differences or Batrophy^were within the temporal lobe, occipital lobe, hippocampus, and cerebellum. Our second experiment showed that when controls with large head size were compared to those with small head size, similar areas of morphometric Batrophy^were identified in the larger head size group. For both experiments, the areas of Batrophy^dimin-ished slightly after controlling for age and sex, and greatly diminished or were eliminated when we corrected for TICV. All three of these covariates altered the final results with the most influential variable involving TICV. This result invites the question: why did TICV correction alter these findings to such a high degree? Additionally, why did the Batrophy^uncorrected for TICV for both experiments occur in the temporal lobe and ventral regions (e.g., the hippocampus and cerebellum)? A retrospective correlation analysis between lobe volume and TICV within the control groups provides some insight. In individuals with larger heads, TICV highly associates with frontal and parietal lobe volumes. It was less strongly associated with the temporal lobe and cerebellum, with the TICV-temporal association significantly lower than that of the frontal/parietal-TICV associations. Importantly, these associations were not observed in individuals with smaller heads; in these participants, the correlations are small to moderate in all four regions we measured. This difference in proportionality by region has been previously noted in Barnes et al. (2010) . We postulate that the larger TICV causes each voxel to represent a smaller area when it has been converted into template space, resulting in lower gray matter density values per voxel. However, because a larger brain volume appears to be largely driven by the frontal and parietal lobes, these smaller values over-correct in areas that do not correlate as strongly with the larger head size. The resulting images thus represent smaller volumes than are truly present.
The issue of differential use of TICV in VBM studies is important in research generally, but may be particularly pertinent to investigations of PD. Several studies have reported individuals with PD have significantly larger TICVs than controls (Krabbe et al. 2005; Gallagher et al. 2013) , including our own sample (Schwab et al. 2015) . There is also genetic evidence indicating PD may be linked to larger head size. In a genome-wide association study, Ikram et al. (2012) found common variants of genes located at 17q21 were associated with total intracranial volume. Some research links genes near this site to PD (Simon-Sanchez et al. 2009 ). Another recent genome-wide association study directly correlated TICV and risk for PD (Adams et al. 2016 ). This potential difference in TICV between PD patients and their peers is not widely recognized in VBM studies of PD. Indeed, it is difficult to even quantify the issue, as many studies do not report TICV in their results; of the fifteen studies listed in Table 1 , only one (Martin et al. 2009) reported TICV.
As shown in previous VBM analyses cited in this study, failure to correct for nuisance variables in neurodegenerative samples runs the risk of creating false positives. Investigators who did not control for TICV reported numerous areas of decreased volumes in PD relative to non-PD groups. For example, Summerfield et al. (2005) found decreased volumes in the right hippocampus, left anterior cingulate gyrus and left superior temporal gyrus in idiopathic non-dementia PD relative to non-PD peers. These differences are surprising given that these are non-demented PD. Although the idiopathic non-demented PD participants in this study were more advanced in their disease pathology than many of the other studies cited in this paper (Braak et al. 2004 ). Xia et al. (2013) reported differences in many areas of the brain including bilateral temporal lobe, bilateral occipital lobe, bilateral parietal lobe, bilateral frontal lobe, bilateral insular lobe, bilateral parahippocampal gyrus, bilateral amygdale, right uncus, and cerebellum. However, it is important to note that the PD participants in this study had poorer scores than controls on the MMSE and MoCA, indicating some level of global cognitive dysfunction. In addition, a very liberal significance threshold (p < 0.005) was used in their analysis. Studies that control for TICV, age and sex reported fewer volumetric differences between groups. This is not to assume that there are no structural differences in PD. Indeed, we identified differences in several regions of temporal lobes as well as areas of the occipital lobes, parietal lobes, and cerebellum in our idiopathic PD sample relative to matched peers even after correcting for nuisance variables. The volumetric differences observed in the left temporal lobe fit well with other recent neuroimaging investigations reporting left temporal abnormalities in PD Goldman et al. 2012 ) and some reports of disease progression to the inferior and lateral temporal cortices (Braak et al. 2004; Jellinger 1991) . The region of smaller volume in cerebellar areas has been noted in other VBM studies in PD (Lin et al. 2013; Xia et al. 2013 ). Parietal and occipital lobes have also been implicated in several studies (Kostić et al. 2010; Nishio et al. 2010; Meppelink et al. 2011; Lee et al. 2013; Xia et al. 2013) . However, it is important to note that the majority of these areas of atrophy are fairly small (k < 200 voxels) and have shrunk dramatically when compared to the non-corrected comparison of PD and non-PD peers. Thus, controlling for TICV decreased the pattern of Batrophy^in our findings from widespread to more restricted in areas that have been previously reported in VBM studies of PD.
Although our decreased temporal lobe volume finding fits with the existing PD literature, side of symptom onset may have been a contributor. Parkinson's disease motor symptoms typically begin on one side of the body and then generalize over the course of the disease (Hoehn and Yahr 1998) . Our study sample was composed of 25 (62 %) right-side onset participants, meaning that their pathology might be more severe in the left side of their brain. Future studies with larger sample sizes should attempt to separate left and right side onset in order to assess volumetric differences between these groups, or attempt to balance right and left onset participants in their analysis.
Although this study has strengths, including a large sample size and a thorough investigation of several covariates, it is not without its weaknesses. We used FSL to analyze data, while the majority of the studies cited used SPM. Given that even software version can affect the results of VBM analyses (Barnes et al. 2010) , it is likely that different software packages would alter results, and different software packages may also show differential influence of the covariates used. The study was also limited by the use of only a single smoothing kernel size (3 mm). This is slightly problematic as smoothing kernel size and statistical threshold can influence VBM results (Shen and Sterr 2013) . However, the smoothing size used in this analysis was found to be most accurate by Shen and Sterr (2013) . In addition, the choice of a small cluster threshold, while providing a very thorough result displaying many significant clusters, may have been small enough to display coincidental clusters of significant voxels. In light of these limitations, future studies should focus on comparing multiple software packages and comparing results using different smoothing kernel sizes.
Accounting for differences in TICV is far from ubiquitous in VBM research, but the present study demonstrates that differences in TICV can significantly alter results and interpretation. This is particularly concerning when authors then make inferences regarding disease profiles. Consistent with our other publications (e.g., Schwab et al. 2015 ) studying morphological-brain association patterns, as well as studies showing the influence of several variables on VBM outcomes, we argue that clinical researchers in particular need to be educated on neuroimaging pitfalls that alter analyses and interpretation. At minimum, researchers utilizing VBM are encouraged to consider controlling for TICV, age, and gender, even if no significant difference in these variables exists between groups being studied. In light of findings from other studies (Shen and Sterr 2013; Barnes et al. 2010; Henley et al. 2010) , researchers should carefully consider statistical threshold and smoothing kernel size when conducting VBM studies. Finally, researchers conducting MRI research in PD are strongly encouraged to report TICV metrics for publication consumer review due to evidence showing significantly larger TICV in individuals with PD.
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